Abstract Essential tremor (ET) is commonly associated with kinetic tremor. However, other forms of tremor, such as force and postural tremor, may occur in ET with less severity. This study objectively assessed force and postural tremor characteristics in ET with the purpose of identifying the relationships between these tremors. Ten individuals with ET (age 71± 5 years) and ten healthy controls (age 70±5 years) participated in the study. Force tremor was quantified as fluctuations in index finger abduction force during isometric contractions at 10 % maximum voluntary contraction (MVC) and 60 % MVC. Postural tremor was quantified as index finger acceleration when the subjects held their entire arm unsupported, and when their arm was supported so that only the index finger could move. Time-and frequency-domain parameters were extracted from tremor data, and then correlations within, and between, tremor subtypes were examined. ET force tremor was dependent on contraction intensity whereas postural tremor was unaffected by the level of limb support. Significant correlations existed between frequency components of postural tremor and force tremor amplitude. Force tremor amplitude normalised to the level of contraction intensity correlated to the proportion of power for postural tremor. These correlations were observed for both contraction intensities and both levels of postural support. The proportion of power represents the output of central oscillators in ET patients and therefore correlated well to force tremor. Given that significant relationships existed between spectral features of postural tremor and the overall force tremor amplitude, it is clear that these tremor modalities are not completely independent in older adults with ET.
Introduction
Essential tremor (ET) is the most common pathologic tremor in older adults, affecting up to 1 in 25 individuals over 45 years [1] , and as many as 1 in 16 individuals over 65 years [2, 3] . Although the aetiology of ET is still unclear, a body of evidence is developing that implicates neuroanatomical changes in the cerebellum which causes movement dysfunction via cerebello-thalamo-cortical pathways [4] [5] [6] . The exacerbated tremor that is observed with ET has long been suggested to reflect enhanced motor unit synchronisation [7] [8] [9] , which has only recently been confirmed via direct examination of motor unit activity [10] .
Clinical diagnosis of pathologies often relies on visual rating scales to separate different forms of tremors. For example, the hallmark of ET is kinetic tremor, which tends to be most prevalent for movements about the wrist joint [11] [12] [13] . However, other forms of tremor, such as force and postural tremor, may exist in a less severe capacity in individuals with ET [11] . Force tremor is typically associated with muscle contraction, where tasks such as gripping or carrying objects can cause exacerbated tremor. Postural tremor, on the other hand, is largely associated with oscillations that arise from reflex activity and emerges when a limb is held against gravity. Clearly, a common feature of the tasks that produce force and postural tremor is that voluntary muscle contractions must be performed. Although the strength of contraction may differ-i.e. low magnitudes for postural tasks [14, 15] and potentially higher magnitudes for force generating tasks [16, 17] -there is still a need to regulate muscle activity to achieve a steady limb position.
Given that muscle activity underlies each form of tremor, and enhanced motor unit activity is typical in ET populations, it stands to reason that these tremors will be correlated and are not completely independent. Therefore, the purpose of this study was to examine two forms of tremor in older individuals with ET. Force tremor was examined during a low-intensity and high-intensity isometric contraction to determine if the level of force generated influences characteristics of force tremor. Postural tremor was assessed when holding an entire limb against gravity, and also when the limb was supported, to determine if the degree of limb support influences characteristics of postural tremor. Time-domain and frequency-domain correlations within, and between, tremor subtypes were then examined. It was hypothesised that substantial differences would occur in force tremor characteristics for the two contraction intensities, and only minimal differences would emerge in postural tremor characteristics for the two postural positions. It was also hypothesised that time-and frequencydomain characteristics of postural tremor would significantly correlate with force tremor.
Materials and Methods

Participants
Ten individuals with essential tremor (age 71± 5 years, age range 61-77 years, height 174 ±8 cm, weight 84 ± 9 kg, six male) and ten healthy controls (70 ± 5 years, age range 60-76 years, height 168 ±8 cm, weight 74 ± 8 kg, four male) participated in the study. To be included, ET participants required a diagnosis of ET for at least 1 year that was confirmed by a neurologist. ET participants were excluded if they had a diagnosis of head tremor without upper limb tremor, or were required to alter their medication 1 month leading up to the study. Individuals who had osteoarthritis, a recent history (<3 years) of upper limb musculoskeletal injury, or any history of upper limb surgery were excluded. The revised Washington Heights-Inwood Genetic Study of Essential Tremor (WHIGET) tremor rating scale was used to indicate tremor severity of subjects during screening (rating of 1, n=4; rating of 2, n=1; rating of 3, n=4; rating of 4, n= 1). All procedures were approved by the Institutional Human Research Ethic Committee and written informed consent was obtained prior to subject participation.
Tremor Assessment
Force tremor was quantified as fluctuations in index finger abduction force when the subject's performed isometric contractions at 10 % of maximum voluntary contraction (MVC) and 60 % MVC. All subjects were seated and the palmar surface of their hand was placed flat on a custom-designed stainless steel device where the thumb was abducted and supported by a solid bracket, and the forearm and digits 3-5 were secured [18] . Abduction force was measured at the proximal interphalangeal joint for the index fingers with an Ultra Precision Mini Load Cell (Transducer Techniques, MDB-5). Prior to experimental testing, MVC was determined using the same apparatus outlined above. To accommodate for the larger abduction forces, an Applied Measurements Xtrans load cell with a range of 250 N was used instead of the highsensitivity load cell.
Postural tremor was quantified as index finger acceleration when the subjects held their entire arm unsupported against gravity, and when their arm and hand was supported so that only the index finger was held against gravity. A lightweight NL261 uniaxial accelerometer (mass 2.55 g, range ±1.7 G, Digitimer Ltd.) was attached over the dorsal distal aspect of the index finger. The accelerometer was calibrated by zero balancing in DC mode on a level surface prior to testing in AC mode. For the unsupported condition, the seated subjects were required to extend their arm to 90°with the torso and extend the index finger while forming a loose fist with the other digits. For the supported condition, the forearm and hand were secured to a table with Velcro while forming a loose fist, so that the principal movement against gravity was due to muscles spanning the metacarpophalangeal joint. Both force and acceleration data were sampled at 1000 Hz using customdesigned Spike2 software (Cambridge Electronic Design). Three 15-s trials were obtained for the more affected and less affected limb for all conditions.
Data Analysis
Finger abduction force was low-pass filtered with a fourthorder Butterworth filter set with a cut-off frequency of 40 Hz. Absolute force tremor amplitude was quantified using the standard deviation (SD) of force. Given that tremor amplitude is influenced by the magnitude of force being generated, the coefficient of variation (CV) of force was also calculated to provide a normalised measure of tremor. Finger acceleration data were also low-pass filtered with a fourth-order Butterworth filter set with a cut-off frequency of 40 Hz. The amplitude of postural tremor was calculated as the root-meansquare (RMS) of the acceleration signal. All force and acceleration analyses were performed on the middle 8 s of data where steady state was achieved.
Force and acceleration data were examined in the frequency domain using Welch's averaged periodogram method (frequency resolution 0.130 Hz). Force power spectra were examined in the 0-3-Hz bandwidth for both the ET and control group to examine task-specific features of performing isometric contractions. Furthermore, force and acceleration data were examined in the 3-12-Hz bandwidth to capture the commonly reported ∼5-7-Hz tremor associated with ET, and 8-12-Hz tremor associated with healthy physiological tremor in the control group. Within these bandwidths, the frequency of peak power, and the proportion of the peak power compared to the power in the entire signal were calculated. All data analyses in the study were performed using Matlab (R2011b, Mathworks) software.
Statistical Analysis
One-way analysis of variance (ANOVA) was used to determine if between-limb differences existed for the time and frequency domain variables extracted from the force tremor and postural tremor data. If no statistical differences emerged between limbs, data would be pooled and one-way ANOVAs used to determine if differences existed for force tremor characteristics when performing the 10 % MVC and 60 % MVC conditions, and if power spectral characteristic differed between the 0-2-and 3-12-Hz bandwidth. One-way ANOVA was also used to determine if differences existed for postural tremor characteristics when performing the supported and unsupported limb conditions. Linear regression analysis was applied to global measures of tremor amplitude obtained during the force tasks (SD of force and CVof force) as well as during the postural tasks (RMS acceleration). Spectral parameters were also explored using linear and multiple linear regressions to identify potential mechanisms underlying changes in the global measures of tremor. All statistical analysis was performed using IBM SPSS Statistics (version 21) and the significance level was set at 0.05.
Results
Force Tremor and Postural Tremor Characteristics
Even though each ET subject indicated that they had a more affected limb and a less affected limb, no significant betweenlimb differences were identified for any force tremor (Table 1) or postural tremor variable (Table 2) . Similarly, there were no between-limb differences identified for the healthy control group. Several significant differences were identified for force tremor when subjects performed isometric contractions at 10 % MVC and 60 % MVC (Fig. 1) . For the ET group, higher SD of force was identified for the 60 % MVC condition compared to that for the 10 % MVC condition (0.421±0.223 vs 0.149±0.080 N, F(1, 38)=23.53, p<0.001, Table 1 ), whereas lower CVof force was identified for the 60 % MVC condition compared to the 10 % MVC condition (4.19±2.08 vs 8.03± 4.97 %, F(1, 38)=9.74, p=0.003). For the control group, only the SD of force differed between contraction intensities, where a higher SD of force was identified for the 60 % MVC condition compared to that for the 10 % MVC condition (0.234± 0.148 vs 0.069±0.026 N, F(1, 38)=29.12, p<0.001).
Comparing spectral parameters between the two contraction intensities revealed different force tremor profiles in the ET group. In particular, for the ET group, the proportion of total signal power that the peak represented in each bandwidth was inversely related to the contraction intensity (this was not observed in the control group). That is, the proportion of power in 0-2-Hz bandwidth was greater for the 60 % MVC condition compared to that for the 10 % MVC condition (14.2± 2.5 vs 11.5±4.8 %, F(1, 38)=4.92, p=0.032), whereas the proportion of power in 3-12-Hz bandwidth was greater for the 10 % MVC condition compared to that for the 60 % MVC condition (4.8±4.7 vs 1.6±1.3 %, F(1, 38)=7.30, p= 0.010, Table 1 ). In regards to the proportion of power in each bandwidth, both groups had greater power in the lower frequency bandwidth than in the higher frequency bandwidth. The ET group had significantly greater proportion of power in the 0-2-Hz band than in the 3-12-Hz band for the 10 % MVC (11.5±4.9 vs 4.8±4. (Table 2) .
Relationships Between Force Tremor Assessments
Positive correlations emerged for the global measures of force tremor and postural tremor. Significant correlations existed in the ET group between the 10 % MVC and the 60 % MVC condition for SD of force (r 2 =0.642, p<0.001), as well as for the CV of force (r 2 =0.601, p<0.001, Fig. 2 ). These similarities between contraction intensities appear to be mediated by activity in the 3-12-Hz spectral bandwidth, as significant correlations existed between the 10 % MVC and the 60 % MVC condition for the peak frequency of force (r 2 =0.390, p= 0.003), and the proportion of total signal power that the peak represented (r 2 =0.361, p=0.020). In contrast to the ET group, the control group exhibited weaker correlations between the same force variables. Of note were the significant correlations between the 10 % MVC and the 60 % MVC condition for SD of force (r 2 =0.242, p=0.028).
Relationships Between Postural Tremor Assessments
Similar to the global measures of force tremor, a significant correlation existed in the ET group between the supported and unsupported limb conditions for RMS acceleration (r 2 =0.836, p<0.001, Fig. 2 ). These similarities between support conditions were also reflected in spectral parameters, as significant correlations were identified between the supported and unsupported conditions for the peak frequency of acceleration (r 2 =0.566, p<0.001), and the proportion of total signal power that the peak represented (r 2 =0.530, p=0.001). Once again, the control group exhibited weaker correlations between the same variables. Of note were the significant correlations between the supported and unsupported limb conditions for RMS acceleration (r 2 =0.572, p<0.001).
Relationships Between Postural and Force Tremor
Postural tremor measures did not significantly correlate with the absolute measures of force tremor, i.e. the SD of force for 10 % MVC or 60 % MVC. However, significant correlations were consistently identified in the ET group for the proportion of power the peak frequency represented in postural tremor and the normalised measures of force tremor, i.e. the CV of force for 10 % MVC or 60 % MVC. Significant correlations existed between the CV of force for the 10 % MVC condition and the proportion of power for the supported limb condition (r 2 =0.432, p=0.002, Fig. 3 ), as well as the proportion of power for the unsupported limb condition (r 2 =0.476, p<0.001). When the proportion of power for the supported and RMS root-mean-square unsupported conditions was entered into a multiple linear regression, the predictive capability of postural tremor data improved slightly (r 2 =0.523, p=0.001). Significant correlations also existed between the CV of force for the 60 % MVC condition and the proportion of power for the supported limb condition (r 2 = 0.641, p<0.001), as well as the proportion of power for the unsupported limb condition (r 2 =0.544, p<0.001). When the proportion of power for the supported and unsupported conditions was entered into a multiple linear regression, the predictive capability of postural tremor data was once again minimally affected (r 2 =0.687, p<0.001). For the control group, a significant correlation was only revealed between the CV of force for the 10 % MVC condition and the proportion of power for the supported limb condition (r 2 =0.298, p=0.015).
Discussion
The purpose of this study was to examine two forms of tremor in older individuals with ET. Overall, ET force tremor was dependent on contraction intensity whereas postural tremor was unaffected by the level of limb support. Significant correlations existed between power spectral features of postural tremor and the overall force tremor amplitude, which indicates that these tremors were not independent of each other. With the current data set, no significant correlations existed between tremor metrics and age or duration of ET, which in part reflects the somewhat idiopathic and variable nature of the condition. In alignment with our hypotheses, force tremor characteristics were different when ET patients performed low-and high-intensity steady state contractions. The absolute amplitude of finger abduction tremor was greatest for the highest contraction intensity, which agrees with previous studies of wrist extensor force generation in ET patients [17] . However, this absolute measure of force tremor is scaled to the level of overall contraction [19] , which may mask changes in central nervous system (CNS) dynamics that are independent of contraction intensity. Our normalised measures of force tremor (CV of force) revealed that ET force tremor was actually greater for the 10 % MVC condition, which aligns with non-pathologic young and older adults [19, 20] and suggests that the CNS may be challenged when performing more refined tasks which do not require forceful muscle contractions.
Spectral analysis confirmed that a 0-1-Hz force tremor component existed for ET patients and was similarly noted in the healthy older group. This index finger abduction frequency reflects elements of common drive to the motorneuron pool of the first dorsal interosseus when performing isometric contractions [21] and was therefore greater for the higherintensity task. A prominent 5-6-Hz oscillatory component was also present in the force signal, which reflects the ensemble of elements which combine to cause ET specific tremor. Given the relationship between the 0-1-Hz peak and the 5-6-Hz peak during different contraction intensities, the overall contribution of 5-6-Hz component appears to be more influential on contraction steadiness in the lower-intensity than in the higher-intensity task. Once again, this suggests that the control of low-intensity contractions may be particularly influenced by mechanisms that underlie ET.
Neuroimaging has revealed that a multitude of structural [22] , functional [23] , and metabolic [24] changes may occur in supraspinal centres with the development of ET. While the force tracking task used in this study requires cerebellar control of eye movements and gaze fixation (i.e. the fastigial oculomotor region [25, 26] ), of particular interest is how CNS pathways regulate descending motor signals that activate the muscle of interest. fMRI has identified increased blood oxygen leveldependent (BOLD) activity in the primary and supplementary motor areas of cortex in ET patients, which is coupled to decreased BOLD activity in the cerebellum during gripping [27] . This suggests that ET is characterised by a hyperactive cortex and a hypoactive cerebellum during force generating tasks [27] . Regulating constant force produced with fingers has been linked to the lateral cerebellum and projections to the dentate nucleus [28] , and not surprisingly, the functional Fig. 1 Representative data illustrating raw force outputs for the 10 % MVC and 60 % MVC isometric contractions, and raw acceleration outputs for the supported and unsupported limb conditions. Power spectral plots for the force and acceleration data are presented in the lower plots. All data is for the more affected limb of a 70-year-old male with essential tremor connectivity of cerebello-dento-thalamic tracts is compromised in ET patients to cause pronounced movement deficits of the arms and hands [29] .
Postural tremor dynamics are largely influenced by the inertial characteristics of the limb segments(s) involved in the task, and therefore different inertial conditions may be created by changing the level of support available to the upper limb. Different levels of upper limb support did not yield significant postural tremor differences, which suggests that changing the inertial requirements of the task does not play an important role in regulating postural tremor in older individuals with ET. Given that postural tremor arises from a combination of central oscillators and peripheral reflexes [30, 31] , the results suggest that either (1) the mechanisms underlying the generation of postural tremor in older patients with ET is relatively unaffected by limb posture, or (2) the CNS of older ET patients is able to compensate for changes to one or more of these mechanisms to regulate postural tremor. Several studies have examined the effects of limb loading in ET patients, where applying a mechanical load to the hand is an effective inertial intervention that decreases postural tremor [32] [33] [34] . However, it should be noted that these studies examined extrinsic perturbations via limb loading, whereas the current study examined inertial effects by changing the number of limb segments which contribute to postural tremor.
A major finding in this study was that relationships were identified between force tremor and postural tremor. Tremor amplitude that was normalised to the amplitude of the isometric contraction was correlated to the proportion of power for postural tremor. This finding held true for both contraction intensities and both levels of postural support. Given that the proportion of power represents the culminated output of central oscillators, it is not surprising that normalised force tremor aligns with this postural tremor component. Fluctuations in limb position and steady state contraction ultimately arise from motor unit activity, and if neural inputs to the motorneuron pool have been affected due to ET dysfunction, then it might be expected that both postural and force tasks are compromised to some extent. Abnormal descending oscillatory signals in individuals with ET lead to greater motor unit entrainment in muscles involved with postural tremor and force tremor [17, 32] . Presumably, this enhanced entrainment plays a role in the correlations between tremor modalities.
Interestingly, if the goal of a tremor investigation is to examine time-domain characteristics of ET, there may not be benefits of performing variants of the same task. Regardless of whether SD or CV of force was examined, significant correlations still occurred with the low-and high-intensity contractions. Similarly, RMS acceleration during the supported and unsupported conditions was also significantly correlated. This has practical implications for the study of ET, as eliminating redundancy in experimental or clinical testing procedures may enhance the efficiency of working with this special population. It appears that the combination of normalised time-domain tremor, and the frequency content of the tremor signal, may provide the greatest insight to the dysfunction associated with ET. It is estimated that between 30 and 50 % of ET diagnoses are incorrect [11, 35] , so additional work on the defining features of ET is warranted. While it may be technical in nature, it is surprising that more assessments of 
